Two new D-π-A chromophores composed of an electron-donating carbazole unit linked through π-bridges, bearing 3,4-ethylenedioxythiophene (EDOT) moiety, with an electron withdrawing dicyanovinyl group (DCV) were successfully synthesized involving Suzuki or Heck cross-coupling and Knöevenagel reactions as the key steps. The obtained compounds absorb light over a broad spectral range, including the visible spectrum. The HOMO/LUMO energies and band gap energy values (Eg) were calculated on the basis of the experimental optical and electrochemical data: HOMO, LUMO, Eg (eV), −5.51, −3.14, 2.37 (4), −5.34, −3.14, 2.20 (7). The presence of the HC=CH unit in compound 7 resulted in the increase of the HOMO energy level, the decrease of a band gap value and red shifts of the absorption and emission bands in comparison with those of 4. Large Stokes shifts and broadband luminescence inherent to both chromophores suggest their use as materials for luminescent solar collectors (LSCs). The obtained compounds demonstrated good solubility and suitable thin-film forming properties. For this reason, they may be suitable for solution-processable photovoltaic applications.
Introduction
Carbazole based π-conjugated systems play an important role in the chemistry of materials because of many merits inherent to this heterocycle, such as the low cost of 9H-carbazole, often used as a starting material; its easy chemical functionalization; high thermal and oxidation stability; high photoconductivity; tendency to hole conductivity and relatively high charge mobility [1] [2] [3] . Compounds in which a carbazole core is conjugated with other aromatic carbo-and heterocycles have been found attractive as materials for optoelectronic and electroluminescent devices such as light-emitting diodes [4] , photoresistors [5] , thin film transistors [6, 7] , solar cells [8] [9] [10] and for the creation of nonlinear optical materials [11, 12] . At present, the design and synthesis of D-π-A molecules are the subjects of focused attention [13] . The modification of the D and A units and π-bridge nature allows the reduction of band gap values and the expansion of the absorption spectrum towards longer wavelengths as a result of the intramolecular charge transfer exhibition. At the same time, it provides the possibility to tune the HOMO/LUMO energy levels [14, 15] . One of the widely used π-spacers is a 3,4-ethylenedioxythiophene (EDOT) -an electron rich heterocycle. It has been demonstrated that incorporation of this moiety into a conjugated π-system usually properly lifts the HOMO level and, at the same time, promotes stronger light absorption and broadening of UV spectrum region, which is beneficial to light-harvesting and photocurrent generation [16] [17] [18] [19] [20] . Besides, replacement of a thiophene cycle with its 3,4-ethylenedioxythiophene (EDOT) analogue was found to increase electropolymerizability of monomers. It has been demonstrated that it is not the total number of EDOT units but the number of consistently linked EDOT fragments that have the most profound effect on HOMO-LUMO gap and conjugation length. It is believed that such an influence is the result of especially strong planarization induced in the conjugated backbone by the incorporation of EDOT units [21] . Previously we have prepared and investigated two carbazole-containing chromophores -2-({5-[4-(9H-carbazol-9-yl)phenyl]thiophen-2-yl}-methylidene)malononitrile (CzPhThDCV) and 2-({5-[4-(9H-carbazol-9-yl)phenyl]-2,2'-dithiophe-5-yl}-methylidene)malononitrile (CzPhTh 2 DCV) -which include thiophene and bithiophene fragments as π-spacers, connecting a donor carbazole unit with an electron withdrawing dicyanovinyl moiety (DCV) (Fig. 1) [22] . In continuation of this research we have started a series of studies aimed at the synthesis of structurally related compounds, in which thiophene π-spacers would be replaced by other π-conjugated fragments. Here we report on the synthesis and investigation of two novel donor-π-conjugated bridge-acceptor (D-π-A) chromophores, based as well on a carbazole unit linked through π-bridges, bearing EDOT fragment, with an electron-withdrawing dicyanovinyl (DCV) group. As the key synthetic instruments, we have used Pd-catalyzed processes (Suzuki and Heck cross-coupling reactions) and Knöevenagel condensation (Scheme 1). Thus, we have prepared two π-conjugated compounds, one of which (7) is a vinylog of another (4) . Due the presence of an additional vinyl fragment, compound 7 has a more extended and more flexible π-conjugated system in comparison to chromophore 4.
Results and discussion

Synthesis
Initially, the two starting compounds -5-bromo-3,4-ethylenedioxythiophene-2-carbaldehyde (1) and 4-(9H-carbazole-9-yl)phenylboronic acid (2) -were prepared following previously described procedures [22, 23] . The following Suzuki cross-coupling of boronic acid 2 with aldehyde 1 gave rise to aldehyde 3. With an aim to expand the conjugation chain of a future D-π-A system we have prepared 9-(4-vinylphenyl)-9H-carbazole 5 [24] , for which Heck cross-coupling with 5-bromo-3,4-ethylenedioxythiophene-2-carbaldehyde 1 resulted in the formation of an aldehyde 6 [25] . Further condensation of aldehydes 3 and 6 with malononitrile in benzene with catalytic amounts of ammonium acetate and acetic acid afforded the corresponding target products 4 and 7 in isolated yields of 64 and 57%, respectively.
Optical properties
The optical properties of chromophores 4 and 7 were studied by means of UV-vis absorption and fluorescence spectroscopy. Absorption spectra were measured for chloroform solutions and for thin films, while emission spectra were recorded only for chloroform solutions. Thin films were prepared on ITO-coated glass substrates by spin-coating from chlorobenzene solutions. The results are summarized in Table 1 . The corresponding absorption spectra of the solutions and films are presented in Fig. 2(a) . Four (4) and three (7) absorption maxima of various intensities are observed in the UV spectra of the solutions and two broad absorption maxima of much more lower intensity are present in the UV spectra of the films. The absorption occurs in a broad spectral range, including visible wavelengths. The CHCl 3 solutions of compounds absorb light between 235-560 nm; the absorption interval of films (280-650 nm) is slightly wider and red shifted.
The intense long-wavelength absorption bands in the UV spectra of chromophore 4 and 7 (373 and 485 nm) might be assigned to π − π* electronic transitions. The long-wavelength absorption maximum of compound 7 lies already in the visible part of the spectrum, which is primarily due to the extension of π-conjugation system by incorporation of HC=CH fragment of trans-configuration between benzene and thiophene units. Besides, this chromophore has a more planar structure due to the lack of an "ortho-effect"; the absence of which usually results in a bathochromic shift of the absorption bands. The longwavelength absorption band (455 nm) of low intensity observed in the absorption spectra of chromophore 4 at 455 nm is likely to arise as the result of a n-π* electronic transition. Comparison of the UV absorption spectra of compound 4 and a previously reported thiophenecontaining chromophore CzPhThDCV ( Fig. 1) , which can be regarded as its isomer, has given an expected result. Its intense long wavelength maximum is blueshifted in comparison to the position of an analogue's maximum in the absorption spectrum of CzPhThDCV (373 nm for 4 vs 433 nm for CzPhThDCV), while the absorption edge (λ onset ) of compound 4 is redshifted (522 nm for 4 vs 510 nm for CzPhThDCV). For this reason, the optical HOMO-LUMO gap of chromophore 4 is lower than that of CzPhThDCV (2.57 eV vs 2.43 eV). This is a typical result of replacement of a thiophene fragment by an EDOT moiety. Fig. 2b shows that both target compounds possess broad emission bands (∼300 nm) and that the emission band of chromophore 7 exhibits 30 nm bathochromic shift. The Stokes shifts of both compounds are rather large; the differences between the absorption and emission peaks lie in the range of 100-104 nm. Large Stokes shifts and the broadband luminescence inherent to both chromophores suggest their use as materials for luminescent solar collectors (LSCs).
The optical HOMO-LUMO gaps (E opt g ) were calculated on the basis of the absorption spectrum edge values (λ abs onset ) which were determined following the procedure described, for example, in [27] . The obtained data are summarized in Table 1 . As has already been mentioned, the incorporation of vinyl fragment between phenyl and 3,4-ethylenedioxythiophene moieties extends the π-conjugation chain of chromophore 7. This results in a decrease of the band gap value and in an increase of its HOMO energy level in comparison with those of 4 (Table 1, 2). 
Electrochemical properties
Electrochemical properties of compounds 4 and 7 were studied with the help of cyclic voltammetry (CV) methods using a standard three-electrode electrochemical cell in MeCN-CH 2 Cl 2 , 1:1 (v/v) mixture, containing 0.1 M Et 4 NClO 4 as the supporting electrolyte. The data are presented in Fig. 3 and summarized in Table 2 .
The obtained results demonstrate that both compounds possess similar electrochemical behavior and show one irreversible oxidation wave (E in some studies is assigned to oxidation processes taking place in the central electron excessive core. As it can be seen from the Table 2 data, the introduction of the electron excessive EDOT fragment instead of the thiophene moiety reduces the value of the first oxidation potential (E 1 ox ) to some extent. However, the values of the second oxidation potential (E 2 ox ) remain constant for both chromophores and do not differ from the second potentials, determined for the preceding series of compounds (CzPhThDCV and CzPhTh 2 DCV).
The presence of the unsubstituted carbazole fragment in the structure of both compounds gives them opportunity to form polymer or oligomer compounds by electrochemical or chemical oxidation. In our case, this results in the formation of a polymer (oligomer) film on the working electrode surface (Fig. 3a) .
The energies of the HOMO and LUMO orbitals were calculated on the basis of the obtained experimental data ( Table 1 , 2), using the formulas (1) and (2) 
Films surface morphology
As we have already mentioned above, compounds 4 and 7 have good film forming properties. This allowed the preparation of thin films of these chromophores using, for this purpose, the chlorobenzene solutions of the chromophores (5 mg per mL) with a spin-coating technique. The electro-conducting ITO covered glass plates were taken as substrates. The structure of the films was studied with the help of scanning tunneling microscopy (NTE-GRA Prima -Modular (AFM, STM) system). All the measurements were carried out under standard conditions; a voltage of 0.1 V was applied on the scanning probe (palladium wire) and a current of ∼0.5 nA was maintained. The visualization of some examples of the obtained films is presented in Fig. 4 . It demonstrates the sufficiently smooth structured surfaces of the films, prepared without large crystalline domains. The average particle size did not exceed 20 nm (Fig. 4) .
Conclusion
In summary, we have synthesized two novel D-π-A chromophores 4 and 7 with carbazole as a donor unit and dicyanovinylene moiety (DCV) as acceptor group connected with each other by bridges, bearing 3,4-ethylenedioxythiophene moiety. All compounds prepared in course of the study were characterized by optical and electrochemical measurements. The obtained compounds absorb light over a broad spectral range, including visible spectrum. It has been demonstrated that the incorporation of 3,4-ethylenedioxythiophene moiety into a conjugated π-system of compound 4 reduces its optical band gap value and lifts the HOMO level when compared with the values obtained for the analogues thiophene containing chromophore. At the same time, the incorporation of the HC=CH unit in compound 7 also resulted in the increase of the HOMO energy level, the decrease of a band gap values and the red shifts of the absorption and emission bands in comparison with those of 4. The obtained compounds demonstrated good solubility and suitable film forming properties. The thin films of the synthesized compounds, prepared with a spin-coating technique, demonstrate sufficiently smooth structured surface without large crystalline domains. The average particle size did not exceed more than 20 nm (Fig. 4) . 
Experimental
Physical measurements and instrumentation. 1 NMR spectra were recorded on a Varian Mercury plus-300 spectrometer in CDCl 3 with hexamethyldisiloxane (0.055 ppm) as an internal standard. The splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), q (quadruplet) and m (multiplet). Mass spectra were recorded on an Agilent Technologies 6890N/5975B instrument (ionizing electrons energy 70 eV). The elemental analysis was carried out using a CHNS-932 LECO Corp analyzer. IR spectra were recorded on a Spectrum Two FTIR spectrometer (Perkin Elmer) for samples -petroleum jelly or chloroform solutions. UV-Vis absorption spectra were recorded in 10 mm cuvettes on a Shimadzu UV-2600 spectrophotometer for CHCl 3 solution of compounds. Fluorescence spectra were recorded on a Shimadzu RF-5301 PC spectrofluorophotometer under the following conditions: excitation wavelength 220 nm, cuvette dimensions 10×10 mm and solvent -abs. CHCl 3 . The reaction course and purity of products were tested by thin-layer chromatography on Sorbfil plates and were visualized with UV light. The mixtures were separated and the target products were purified by column chromatography on silica gel (Lancaster, Silica Gel 60, 0.060-0.2 mm). Electrochemical measurements were carried out on a potentiostat/galvanostat (ZRA Interface 1000) using a three-electrode cell with a ITO or carbon-pyroceramic working electrodes, a Pt wire counter electrode and a Ag/Ag + reference electrode. The [23] . A mixture of 4-(9H-carbazole-4-yl)phenylboronic acid 2 (0.99 g. 3.68 mmol), 5-bromo-3,4-ethylendioxythiophene-2-carbaldehyde 1 (1.83 g. 7.37 mmol), Pd(PPh 3 ) 4 (0.15 g), Na 2 CO 3 (2M, 17 ml) in benzene (50 mL) was refluxed for 12 h. After evaporating the solvent under a reduced pressure, water (50 mL) and methylene chloride (50 mL) were successively added. The organic layer was then separated, dried over MgSO 4 and the solvent was removed under the reduced pressure. The pure product 3 was obtained by the column chromatography purification (silica gel, CH 2 Cl 2 as an eluent) to get the desired compound as a yellow-green solid with a yield of 81 % ( General procedure for compounds 4, 7 preparation [22] . A mixture of a corresponding aldehyde (5 mmol), CH 2 (CN) 2 (0.33 g, 5 mmol), glacial AcOH (0.12 ml), and NH 4 OAc (40 mg) in benzene (5 ml) was heated under reflux for 10 h in the Dean-Stark apparatus. Additional CH 2 (CN) 2 (0.33 g, 5 mmol), AcOH (0.12 ml), and NH 4 OAc (40 mg) were added after 10 h of reflux. The reaction mixture was then additionally refluxed for 10 h more, then cooled to room temperature, diluted with EtOAc (30 ml), washed with H 2 O (25 ml) and a saturated aqueous NaCl solution (4 ml), and at last dried over anhydrous Na 2 
